Mixed transition metal oxide LiVMoO 6 was synthesized by the solid-state reaction method and was exploited as an anode material for use in rechargeable lithium-ion batteries. The electrochemical characteristics of the prepared electrodes assembled in coin cells were investigated in terms of half-cell performance. It was observed that the cell exhibits three discharge plateaus. The total discharge capacity, averaged over several test runs, is about 1250 mAh/g. The mechanism of electrochemical reaction of LiVMoO 6 with Li was studied in situ by the synchrotron X-ray diffraction method. It was found that LiVMoO 6 undergoes irreversible decomposition during the first discharge. In 1990, the Sony Company surprised the worldwide battery market by abandoning rechargeable lithium metal battery development, in which it had been deeply involved for several years with a Li/MnO 2 couple of batteries, and introduced a new concept with the name of Li ion.
In 1990, the Sony Company surprised the worldwide battery market by abandoning rechargeable lithium metal battery development, in which it had been deeply involved for several years with a Li/MnO 2 couple of batteries, and introduced a new concept with the name of Li ion. 1, 2 Rechargeable batteries have been considered as an attractive power source for a wide variety of applications and, in particular, lithium-ion batteries are emerging as the choice for portable electronics. One of the main challenges in the design of these batteries is to ensure that the electrodes should maintain their integrity over many discharge and recharge cycles. Carbon-based materials still have the primary rights in the choice of negative electrode of the lithium-ion batteries because of their low cost, wellestablished intercalation chemistry toward lithium, and good electrochemical behavior. An excellent review describing achievements in the anode materials for Li-ion secondary battery development is available in the literature. 3 LiVMoO 6 crystallizes in the brannerite ͑ThTi 2 O 6 ͒ structure which consists of edge-and corner-sharing MO 6 ͑M = V or Mo͒ octahedra. The connectivity of the octahedra can be represented as MO 1/1 O 2/2 O 3/3 , indicating that one of the oxygen atoms of each octahedron is unshared. The negative charges on the M 2 O 6 sheets are compensated by additional cations ͑Li͒ which reside in the interlayer space. 4 From the viewpoint of the crystal structure, Li ions might be extracted from the lattice driven by electrical power. Subsequently, they could be reinserted into the Li 1−x VMoO 6 ͑x Ͻ 1͒ compound accompanied by a current passing through the external circuit. Consequently the compound could play a role of cathode material like LiCoO 2 in Li-ion battery. [5] [6] [7] [8] Despite the high specific capacity ͑250 mA/h between 1.5 and 3.5 V͒, 6 its use as a cathode is restrained by the instability of the brannerite lattice upon cycling leading to the appearance of Li 2 MoO 4 product. 6, 8 The main goal of this work is to explore a solid-state reaction route for preparing LiVMoO 6 and to study its electrochemical anode performance characteristics.
Experimental
The LiVMoO 6 was synthesized via solid-state reaction of Li 2 CO 3 , V 2 O 5 , and MoO 3 . A well ground mixture of starting materials was sintered at 550°C in air for 24 h. X-ray diffraction ͑XRD͒ analyses were carried out with a SCINTAG ͑X1͒ diffractometer ͑Cu K␣ radiation, = 1.5406 Å͒. Data for the Rietveld refinement were collected in the 2 range 10°-100°with a step of 0.02°and a count time of 10 s per step. The program GSAS was used for the Rietveld refinement in order to obtain crystal structure parameters of LiVMoO 6 . 9 The scanning electron microscopy ͑SEM͒ photographs were recorded at room temperature on a Philips XL30 scanning electron microscope equipped with a field emission gun operating at 20 kV.
In situ XRD measurements were carried out at beamline BL17A1 of National Synchrotron Radiation Research Center ͑NSRRC͒ in Taiwan. The wavelength of the monochromatic X-ray was 1.3271 Å. In situ synchrotron XRD experiments were carried out using coin cells with windows made from polyimide ͑Kapton͒ film. The aluminum current collector for anode was exchanged for a copper one to avoid strong synchrotron X-ray absorption at this energy by the copper metal. The electrochemical cell was discharged to 0.01 V at a constant current of 0.3 mA. Powder diffraction patterns were recorded by the curved translating imaging plate ͑Fuji BAS-MS 2040͒ with two theta range of 1-75°, and it took 13 min for recording each XRD pattern.
Electrochemical characterization was performed using coin-type cells. To prepare electrodes a slurry mixture of 85 wt % LiVMoO 6 powder, 9 wt % carbon black, and 6 wt % polyvinylidene fluoride ͑PVDF͒ dissolved in 1-methyl-2-pyrolidinone ͑NMP͒ was spread onto a copper foil. The resultant sheets were then placed into a vacuum oven to evaporate the solvent at 90-100°C for 12 h. The electrode disks ͑1/2 in. in diameter͒ were punched from the sheets, with an average weight of 3.0 mg of active material. The cell consisted of an electrode disk, a lithium metal foil, a porous polyethylene film as the separator, and 1 M solution of LiPF 6 in a mixture of ethylene carbonate ͑EC͒ and dimethyl carbonate ͑DMC͒ at a volume ratio of 1:1 as the electrolyte. The cell was assembled in an argonfilled dry box and tested at room temperature. The charge and discharge measurements were performed with a Maccor battery cycling instrument at constant current of 0.3 mA in the voltage range of 2.80-4.25 V or 0.01-3.00 V.
Results and Discussion
The XRD pattern of LiVMoO 6 could be indexed on the basis of a monoclinic cell and the space group C2/m. The sample was found to be a single phase. The cell parameters obtained from the Rietveld refinement ͓a = 9.3443͑4͒ Å, b = 3.6461͑1͒ Å, c = 6.6364͑3͒ Å, and ␤ = 111.638͑1͒°͔ are in good agreement with the literature. [6] [7] [8] Figure 1a, shows the electrochemical properties of the LiVMoO 6 anode at room temperature. The cell was cycled between 4.25 and 2.80 V. Although the ratio of the discharge capacity to charge in each cycle remains almost 95% for 30 cycles, the absolute values of the capacities were very low ͑0.12 mAh/g͒.
Besides the above range, coin-type cells were also cycled at the discharging/charging current of 0.3 mA between 3.00 and 0.01 V ͑Fig. 1b͒. For the discharge course of the first cycle, the potential rapidly drops to reach a plateau, and then continuously decreases down to 0.01 V. The amplitudes of three plateaus are about 2.1-2.0, 0.6-0.5, and 0.2-0.01 V, respectively. The total discharge capacity, z E-mail: rsliu@ntu.edu.tw averaged over several test runs, is about 1250 mAh/g. This value is much higher than the capacities exhibited by many conventional and newly discovered anode materials ͑graphitic carbons, tin-based amorphous oxides, amorphous vanadates having capacities of 370-800 mAh/g͒. [10] [11] [12] [13] Concerning the large discharge capacity of LiVMoO 6 , one could expect that if a low voltage reaction of the oxide were to occur, it would even be a total displacement reaction to form elemental V and Mo. Recently, the mechanism of lithium insertion into many binary and mixed oxides as well as their reactivity toward lithium ͓e.g., CoO, 14 16, 17 etc.͔ were reported. Li insertion into some of these compounds is accompanied by their irreversible transformation into amorphous materials with formation of nanosized metal particles dispersed into the Li 2 O matrix. Electrolyte degradation and growth of an electrochemically active polymer-type coating over metal oxide particles increases the material capacity beyond theoretical values predicted for the complete reduction of the transition metal oxide to pure metal.
The reversible capacity of LiVMoO 6 for the first cycle, which was only about 450 mAh/g, revealed that only one-third of the Li ions intercalated ͑or deposited͒ into this layered material can be extracted. Furthermore, there was no distinct charge or discharge plateau observed in the subsequent cycles. The different profiles between the first and the following cycles implied that the electrochemical behaviors of the anode electrode were changed. This phenomenon implies that an irreversible phase transformation of LiVMoO 6 occurred after it reacted with lithium ions in a nonaqueous phase. Consequently, we suggest that it is required to be activated by overdoping with lithium ions via the electrochemical reaction before the first use. From the second cycle the reversible capacity decayed continuously until the fortieth cycle. After the fortieth to hundredth cycle, the coulombic charge/discharge efficiency of each cycle remains Ͼ95%.
In order to elucidate the structural transformation occurring upon cycling, in situ XRD measurements were carried out. In Fig. 2 , XRD patterns taken during the course of the first discharge ͑see inset of Fig. 2͒ are shown. The inset shows the points on the discharge curve at which the XRD measurements were performed. The XRD pattern in Fig. 2a shows the diffraction peaks corresponding to LiVMoO 6 structure along with some additional signals related to the aluminum foil substrate. The unavoidable reason for using the Al foil as a current collector instead of the Cu one is related to a higher X-ray absorption coefficient at the wavelength of 1.3271 Å for the latter. As we know, Li can alloy with Al under electrochemical conditions at low voltages. Thus this would result in misinterpretation of the capacities and voltages observed in the measurement. Fortunately, the discharge profile of the LiVMoO 6 electrode coated on an Al foil ͑inset of Fig. 2͒ was very similar to that of the electrode using Cu foil ͑Fig. 1b͒. In addition, their total discharge capacities were almost the same. Several studies on the corrosion behavior of alumi- 
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Electrochemical and Solid-State Letters, 8 ͑12͒ A650-A653 ͑2005͒ A651 num current collectors in lithium-ion batteries indicated that thermodynamically Al is expected to corrode during charging/discharging process as the standard electrode potential of aluminum ͑1.39 V vs Li/Li + ͒ is much lower than the normal operating potential of the positive electrode. However, the self-discharge rate of the lithium ions on the Al substrate is very low. Moreover, aluminum is always kinetically stable in many circumstances because it is readily covered with a passive film. As a result, the observed corrosion resistance of the aluminum could be due to its native thin oxide layer. [18] [19] [20] [21] The transformation of the original LiVMoO 6 phase to assumed Li x VO 2 ͑x ഛ 1͒ phase ͑as indicated by * in Fig. 2͒ is progressively increasing during discharge. In this case molybdenum oxide can form amorphous phases. In other words, these growing peaks were not derived from the primitive patent, implying that the mechanism of the electrochemical reactions is not simply the conventional intercalation-deintercalation processes during the first discharge. This reasoning seems plausible because the space between the adjacent lattice layers is not large enough to accommodate up to about 8-10 Li atoms per formula unit of LiVMoO 6 . The lithium ions moving from the Li-foil electrode through the electrolyte also did not aggregate and nor was reduced to form any metallic deposition, for instance, the lithium metal dendrite, in the LiVMoO 6 electrode. On the whole, we wish to emphasize that the cyclability of the LiVMoO 6 electrode may be induced by some uncertain species produced by the reaction of Li ions with LiVMoO 6 .
We examine further the importance of the electrochemical activation process that we have been considering. The surface morphology of the LiVMoO 6 anode before and after cycling examined by SEM is shown in Fig. 3 . The particle size distribution of LiVMoO 6 before discharge is broad; the estimated grain size varies from 1 to 10 m. As seen from the micrograph in Fig. 3a , almost all the particles have clear and linear grain boundaries and also a pore-free surface after sintering at 550°C. It is also interesting to note that the clear grain boundaries became blurred after discharge, as shown in Fig. 3b , and some translucent materials were observed on the surface of the particles. The results of in situ XRD measurement shows clear evidence for this observation. The intensities and shape of diffraction peaks of LiVMoO 6 become lower and broader gradually during the discharge process. These phenomena seem to indicate that the well-crystallized LiVMoO 6 powder decomposes to nanoscale particles or even to amorphous phases, and the organic electrolyte molecules were also deposited on the surface of LiVMoO 6 via some electrocatalytic reactions. Although the LiVMoO 6 material cannot retain its crystallinity after discharge, the new phase, i.e., the products of decomposed LiVMoO 6 , still show significant reversibility of cycling. The assumption that the nanosized materials can exhibit quite different properties from bulk materials is now widely accepted. 13, 22 Therefore, the electrochemically driven size confinement of the decomposed particles is believed to be a key factor in enhancing their electrochemical activity toward lithium metal.
Conclusions
LiVMoO 6 was successfully synthesized using the conventional solid-state reaction method. It was shown that LiVMoO 6 may be considered as an anode material of choice for rechargeable lithiumion batteries. In situ synchrotron XRD experiments were performed to elucidate the phase transformations in LiVMoO 6 anode during its first discharge. It was shown that electrochemical cycling of LiVMoO 6 anode goes through decomposition of the pristine compound and results in the formation of nanoscale and/or amorphous particles. 
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